fects of their respective measurement systems. After these corrections we find close agreement between results obtained using the two techniques.
II. OPTICAL HETERODYNE MEASUREMENTS
I. INTR~Du~~I~N 
CCURATE
A characterization of high-speed optoelectronic components is essential to the design and implementation of systems such as high-speed optical links. For photodiodes, a number of characterization methods have been studied, including pulse spectrum analysis [ 11, optical heterodyne detection [2] - [5] , and response of a photodetector to a directly or externally modulated laser source [6]- [ lo] or to white optical noise [ 111. Comparison of results from various methods of characterization has been discussed previously [6] , [9] , [ll] , [12] , and further work is in progress [ 131, [ 14) . The various characterization methods are not equivalent. For example, impulse response measurements allow prediction and minimization of the influence of the detector on eye pattern measurements, whereas the scalar (magnitude only) information available from an optical heterodyne setup is insufficient. On the other hand. narrow resonances that are readily characterized with the optical heterodyne setup may not be fully resolved in a pulse response measurement.
t19 00-1289501.00 0 1991 IEEE In this paper we report characterization of high-speed photodetectors by optical heterodyne and pulse response techniques and compare the results. Linearity of the detector response is verified, validating comparison in the frequency domain using a Fourier transform of the pulse response data. The comparison is limited to the magnitude of the transfer function in the frequency domain, since the optical heterodyne technique does not give phase information. Both sets of results are corrected for the efOur optical heterodyne measurements of photodetector response utilize an opticai swept frequency generator, shown schematically in Fig. 1 , based on a pair of Lightwave Electronics (Model 120) diode-laser-pumped, Nd: YAG ring lasers operating at approximately 1.319 pm. The frequency of each laser is variable within its gain bandwidth by controlling the temperature of the Nd : YAG crystal. The frequency difference between the lasers is monitored by a second detector connected to a microwave spectrum analyzer, and can be scanned over a O-33-GHz range without mode hops. Instantaneous laser linewidths are observed to be within the manufacturer's specification of <3 kHz (over any I-ms interval), with -IOO-kHz residual frequency modulation. The laser optical powers are individually monitored to allow correction of the effects of power variations during the laser difference frequency scans. Each laser is linearly polarized, and a mechanical polarization controller is employed to adjust and stabilize the relative orientation of the polarizations. We confirmed that this relative polarization orientation did not vary during a measurement. The combined output of this optical swept frequency generator has average power below I mW, with a full O-100% modulation depth range accessible. This output is transmitted via single-mode fiber to the device under test (DUT), which is in turn connected directly to a if/microwave power meter (HP 8485D/436A). This power meter has an APC 3.5-mm input connector, and is calibrated to 26.5 GHz. Measurements are extended to 33 GHz without power meter calibration correction. All scanning, monitoring, and data acquisition functions are performed under control of a personal computer. where PI and P2 are the powers of the individual optical signals, C#J~ is the angle between their polarizations, and Au is the difference between the optical frequencies. Thus, the photocurrent resulting from this combined optical signal is * cos (&a) cos (2xAvf)] (2) where R,,, is the dc responsivity of the detector and &o is the (dimensionless) photodetector frequency response. Note that PPo + 1 as Au -* 0. For the system discussed here, the rf power meter measures
is the root-mean-square (rms) rf photocurrent and Z is the magnitude of the termination impedance of the rf power meter. Note that Z = Z, = 50 R is assumed, since the reflection coefficient of the power meter is co.055 to 26.6 GHz. Thus, the photodetector frequency response is extracted from the measured rf power at any beat frequency Au by
where
is the rms power in the modulated envelope of the heterodyned optical signal.
A typical device measured with this apparatus is shown schematically in Fig. 2 . A BT&D InGaAs photodiode with a nominal 3-dB optical bandwidth >20 GHz is reverse biased at 8 V through a bias tee, which is connected through a 3-dB attenuator to the r-f power meter. The attenuator is included in the device under test (DUT) to minimize effects due to imperfect 50 Q termination at the power meter.
Four separate measurements of the response of this device are shown in Fig. 3 , with optical modulation depths of -50%. and lOO-MHz frequency scan steps. The excellent reproducibility typical of the measurement is evident in this figure. All frequency response data in this paper are plotted in electrical power decibels. relative to the low-frequency response, unless otherwise noted. Since photodetectors convert optical power to electrical current, a typically quoted -3-dB optical bandwidth corresponds to -6dB electrical bandwidth. Note that &u as defined above is the photocurrent frequency response. Thus the electrical power frequency response is 20 * logroppo. Each data set is corrected for optical power variations of the individual Nd : YAG lasers during frequency scanning. Proper care to minimize connector variations in setting up the experiment is also required to maintain this level of reproducibility for a given photodetector. The ripple with -700 MHz period evident in ' Fig. 3 is the residual effect of a standing wave between the photodetector and the bias tee. The narrow feature at -26.5 GHz is a cavity resonance in the photodetector package.
The linearity of the detector response was evaluated by varying the optical input over a range of -10 optical decibels using an optical attenuator. No deviation from linearity. within experimental error, was found. This confirmation of linearity justifies the comparison of these results to the corresponding frequency response information derived from a Fourier transform of pulse response data, described in detail-in the following section.
III. PULSE RESPONSE MEASUREMENTS
Our time domain characterization of photodetector-response is based on a train of ~3 ps full width at half maximum (FWHM) 1.31-pm pulses obtained by fiber compression of the gain-switched output of an InGaAsP distributed feedback laser diode (DFB-LD), described previously 1151. Fig. 4 shows this optical pulse generation system schematically. Briefly, the laser diode is gainswitched by a step recovery diode pulse generator at 6.1 Mpps. The chirped -22-ps FWHM output of this laser is compressed with an 820-m length of dispersion-shifted single-mode fiber (-16 ps/nm dispersion at 1.3 pm). Background-free second harmonic generation (SHG) autocorrelation of the resulting compressed pulse reveals an autocorrelation profile with an approximately Gaussian 3.8 f 0.1 ps FWHM main peak and a non-Gaussian tail of > IO-ps .dutation containing -20% of the total pulse energy (cf. Fig. 5 ). Assuming a Guassian profile for the central peak of the pulse gives a 2.7 f O.l-ps FWHM estimate of the pulse width. Total pulse energy is -0.2 pJ, giving an average optical power of approximately 1 PW out of the fiber compressor. We achieve stable triggering despite the long (>4 ps) delay in the fiber dispersive delay line by using an optical pick-off trigger signal generated with a fiber directional coupler and a -l-GHz bandwidth photoreceiver. This reduces the rms trigger jitter of the overall system from > 5 ps (using the 6.1 -MHz system clock as a trigger source) to < 3 ps.
The photodetector under test is connected (via a Wiltron K120-6 semi-rigid coaxial transmission line) to a Tektronix electrical sampling system consisting of an SD30 sampling head (>SO GHz measured 3-dB bandwidth) ina CSA803 sampling oscilloscope. As a specific example, we discuss here the measurement of a Tektronix SD46 photodetector, with a specified -3 dB optical (-6 dB electrical) bandwidth >20 GHz. Fig. 6 shows the response of the photodetector/sampling systeln to the short 1.3~pm pulse. The 4096 point, 8.19 ns data record (2 ps per point) includes not only the pulse response of the system, but also subsequent reflections between the sampling head and the photodetector at -2-ns intervals (due to the internal electrical delay of the photodetector package plus that of the coaxial line). These reflections lead to errors in transfer function measurements of the photodetector itself. These errors are reduced by using a time gate that eliminates the reflections from the record. A potential residual error of this gating process is due to the fraction of the incident energy that is reflected and thus not measured by the sampling system. As will be seen, the calibration measurement of the sampling system also includes this reflection defect, thereby minimizing this error. Two potential problems must be dealt with when using a time gate. First, since the gated record is shortened, frequency resolution is degraded. For example, for the data of Fig. 6 , an 8.19 ns record corresponds to -122-MHz resolution in the frequency domain, while the 2-ns record remaining after gating yields only XX&MHz resolution in the frequency domain. Therefore the low frequency part of the frequency ,response is derived from the full, ungated data record.
-Second, any dc offset in time domain data will be modified by the gating process, which zeroes the signal outside system for three input optical power levels (lower curves). Responses arc also shown overlaid (top) in decibels (relative to low fmqucncy response). All data waveforms arc gatcd IO remove effects of multiple mflcctions. but no system response effects have been deconvolved.
connector variations in setting up the experiment is required to maintain this level of reproducibility for a given photodetector. The variation in results observed at frequencies ~40 GHz is due to proximity to the measurement noise floor, at approximately -93 dBm. This is 17 dB above the noise floor observed in the Fourier transform of the raw data; the increase in noise is a result of the deconvolution procedures. The dynamic range of the measurement is limited by the low frequency response level, -45 dB above the measurement noise floor, which results from the -60-mW peak optical pulse amplitude. Note that this optical power level approaches the maximum input signal specified for linear response of this photodetector. Linearity was also verified for this photodetector by measuring the response with attenuated optical input. as shown in Fig. 10 .
IV. COMPARISON OF HETERODYNE AND PULSE RESKINSE MEASUREMENT REWLTS
The pulse response technique was compared to the swept frequency technique by applying it to the same BT&D photodetector measured with the optical hetero- dyne system, as discussed above. One of the swept frequency data traces presented in Fig. 3 is reproduced in Fig. 11 (lighter trace). The heavier trace in this figure is the frequency response determined from the pulse response after all the corrections described above. These results are equivalent within the limits of reproducibility (cf. Figs. 3 and 9 ). This excellent agreement between the two measurements, based on very different physical setups and techniques, supports the accuracy of the individual techniques and suggests that the corrections described encompass the major factors that require attention. Each technique has its relative advantages.
With proper use of gating in the pulse response measurement, the effects of spurious reflections by connectors and other measurement system components can be nearly eliminated. These effects cannot be removed from optical heterodyne or any other scalar frequency domain measurement results. The pulse response also gives a full vector characterization [ 161 of the detector-both magnitude and phase in the frequency domain-while the optical heterodyne technique gives amplitude only. The response degradation due to the test equipment can be removed in both measurement techniques by corrections based on appropriate characterization measurements.
Frequency resolution is potentially superior for the optical heterodyne measurements. It is ultimately limited by the -few kilohertz linewidth of the heterodyne signal itself and by the comparable accuracy to which the heterodyne frequency can be determined. For pulse response measurements, frequency resolution is limited to the inverse of the time record length. Because the maximum sampling interval is determined by the requirement that fast transitions be adequately sampled, the maximum number of points that can be conveniently handled by the measurement system limits the maximum time record length. As an example, we routinely acquire 4096 points with a 2-ps sampling interval, resulting in 122.1-MHz resolution in the frequency domain.
Data acquisition time to achieve any given noise floor is strongly dependent on the particular time domain or frequency domain instrumentation employed. In the time issues include the sampling rate. the extent of averaging both before and after digitizing the data. and noise in the sampling system. In the frequency domain. issues include the sweep duration. as well as the input bandwidth and noise figure of the heterodyne power measurement system. Direct comparison of particular systems is rhe only practical approach. For the optical heterodyne system used in this measurement. rhe data acquisition rate is limited by the time required lo change and restabilize rhe temperatures of the Nd : YAG crystals in the lasers. The time domain measurement is limited by the averaging rate. Our experience, with -IOO-MHz resolution in both measurements, is that the data acquisition in the time domain is faster, but thar the rime required (0 measure and deconvolve the response degradation effects largely offsets the difference, making the total measurement durations approximately the same. typically -IO minutes.
v. SUMMARY
We have shown that optical heterodyne and pulse response techniques produce nearly indistinguishable scalar measurements of the response of a fast photodetector from 100 MHz to 33 GHz. if care is taken 10 properly account for the measured effects of test equipment. Linearity and reproducibility of both techniques have been demonstrated.
